ABSTRACT: As fast terminators of G-protein coupled receptor (GPCR) signaling, regulators of G-protein signaling (RGS) serve critical roles in fine-tuning second messenger levels and, consequently, cellular responses to external stimuli. Here, we report the creation of an optogenetic RGS2 (opto-RGS2) that suppresses agonist-evoked calcium oscillations by the inactivation of Gα q protein. In this system, cryptochromemediated heterodimerization of the catalytic RGS2-box with its N-terminal amphipathic helix reconstitutes a functional membrane-localized complex that can dynamically suppress store-operated release of calcium. Engineered opto-RGS2 cell lines were used to establish the role of RGS2 as a key inhibitory feedback regulator of the stochasticity of the Gα q -mediated calcium spike timing. RGS2 reduced the stochasticity of carbachol-stimulated calcium oscillations, and the feedback inhibition was coupled to the global calcium elevation by calmodulin/RGS2 interactions. The identification of a critical negative feedback circuit exemplifies the utility of optogenetic approaches for interrogating RGS/GPCR biology and calcium encoding principles through temporally precise molecular gain-of-function.
R
egulators of G-protein signaling (RGS) are the primary fast terminators of G-protein coupled receptor (GPCR) signaling. They exert their inhibitory function through GAP (GTPase accelerating protein) activity on Gα protein to promote reformation of the heterotrimeric G-protein complex, thereby terminating signal transduction. 1−4 By fine-tuning the timing and intensity of GPCR signaling, RGS critically shape dynamic cellular responses to external stimuli. However, temporally precise technologies for probing the regulatory roles of specific RGS are lacking; subtype-selective pharmacological agents are challenging to create, and traditional genetic manipulation techniques are prone to compensatory confounds from RGS of noninterest, and from signaling changes that maintain basal second messenger load. 5−9 With the ability to dynamically recapitulate protein function in response to light, optogenetic approaches are ideal for fulfilling such technological needs.
Here, we engineer an optogenetic RGS2 (opto-RGS2) for temporally precise termination of Gα q -signaling and downstream release of calcium from the endoplasmic reticulum (ER).
10−15 RGS2 serves key dynamic roles in regulating the frequency of resting and agonist-induced intracellular calcium oscillations. 9, 16, 17 Opto-RGS2 suppressed intracellular calcium oscillations in a rapidly light-inducible manner, and was used to establish a critical calcium encoding role for RGS2 in negative feedback control over the stochasticity of ligand-induced oscillations. 18, 19 By emulating brief pharmacological stimulation of RGS2 in the absence of available selective agonists, this work expands the optogenetic toolbox for GPCR signaling and reveals how RGS impact cellular dynamics through inhibitory regulation of oscillatory calcium signals.
■ RESULTS AND DISCUSSION
RGS signaling specificity ( Figure 1a ) predominately relies on terminal conserved domains to guide subcellular localization and target receptor colocalization of the catalytic "RGS box" domain. In the case of human RGS2 (hRGS2), its N-terminal amphipathic helix is critical for efficient inhibition of Gα q signaling. [12] [13] [14] [15] 20, 21 As both components are involved in signaling function, opto-RGS2 was designed such that the split components colocalize upon light-induced heterodimerization, where the R2-box is fused to Arabidopsis cryptochrome 2 (CRY2-PHR) 22 and the R2-helix is fused to the CRY2 interaction partner, CIBN (Figure 1b) . CRY2-R2box is physically sequestered in the cytoplasm and unable to bind Gα q in the dark, and upon illumination, heterodimerizes with R2helix-CIBN to reconstitute an active protein that terminates the induction of calcium release (Figure 1c) . A 15-residue glycine/serine-rich (GS) linker was placed between the RGS2-box and CRY2 to promote proper folding and improve expression (Supplementary Figure S1) .
To assess the efficiency of opto-RGS2 in suppressing calcium signaling and identify its determinant factors, intracellular calcium elevations were induced through carbachol-stimulation (30 μM CCh) of endogenous M3 muscarinic acetylcholine receptors (M3R) in HEK cells and monitored by single-cell GCaMP6f imaging (Figure 2a,b) . A CRY2 "dark mutant" or "blind mutant", which harbors a D387A mutation to prevent uptake of the optically active flavin cofactor necessary for photoinduced signaling, 23 was used as a control to account for the effects of metabolic load and illumination. The degree of calcium amplitude suppression positively correlated with translocation efficiency (inverse of change in cytosolic mCherry 
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Letter (F/F 0 )) and with the expression level of CRY2-R2box (mCherry tag, F 0 ), with Spearman's rank correlation coefficients, ρ = 0.42 and 0.37, respectively (Figure 2c,d) . The CRY2-R2box translocation of the "dark mutant" (red) is minimal and, in contrast, shows poor correlation with calcium suppression (ρ = 0.15) (Figure 2c ). Given the cell-to-cell variability in transiently transfected cells, clonal cell lines are required to ensure that opto-RGS2 function is reliable. Thus, we sought quantitative criteria that would enable systematic selection of high-performing clones, while maintaining tractable cell line selection throughput. Machine learning (logistic regression) was performed to identify such a parameter space that predicts reliable calcium suppression based on CRY2-R2box translocation and expression level (Figure 2e ), which are more facile screening parameters to obtain than calcium dynamics. The model was able to predict the magnitude of optogenetic response with a true positive rate as high as 80%, meaning that cells within the gray-shaded "predicted responsive" region are 80% likely to be "strongly inhibited" (defined in Figures 2c,d ) experimentally. Note that as the model was built to maximize the true positive prediction for efficient cell line generation, the minimization of false negative predictions was not of interest.
To test the prediction criteria, calcium suppression assays were performed using transfected opto-RGS2 cells that were distinct from the machine learning training set. As expected in "predicted responsive" cells, opto-RGS2 activation efficiently suppressed calcium elevations and to a similarly near-complete extent as overexpressed hRGS2, whereas the dark mutant showed no inducible suppression, identical to the wild-type HEK cells (Figure 2f ). The validated criteria were then deemed suitable for clonal selection.
Opto-RGS2 cell lines ( Figure 3a) were then created by lentivirus-mediated cotransduction of the heterodimerizing components and clonal selection based on the machine learning-identified parameters. Experiments were performed where opto-RGS2 cells were illuminated after the oscillation was established (Figure 3b ,c, not simultaneously as in Figure 1 ). This single-cell paradigm enabled the light-induced dampening of the oscillation to be normalized to its own initial dark response to account for variability. A single illumination epoch was sufficient for opto-RGS2 activation because the CRY2 offkinetics was long relative to the imaging duration (τ off = 396s ± 45 s, τ on = 19.7s ± 2.0 s, Supplementary Figure S2 ). Oscillations (100 μM CCh-evoked) were dampened by a single illumination epoch, with significant reductions in frequency, amplitude, and duty ratio, the latter as a general suppression measure that encompasses the other two parameters (p < 0.001 for all; Figure 3d 
Letter A consequence of reversibility is that opto-RGS2 expression should not induce compensatory physiological changes to maintain calcium load (vs wild-type) that would otherwise confound calcium encoding studies. Such changes are known to occur with traditional genetic manipulation, where knockout of hRGS2 alters IP3R (inositol triphosphate receptor) and SERCA2b (sarco/endoplasmic reticulum calcium ATPase) levels to maintain the intracellular calcium load. 9 In contrast, mRNA levels of these proteins measured here by qPCR were not altered by opto-RGS2, thus leaving basal transcriptional profiles undistorted unlike the overexpression of constitutively active hRGS2, which altered SERCA2b levels in cell lines (Figure 3g ). Given that opto-RGS2 permits light vs dark comparisons with less genetic variability than comparisons made between multiple populations of traditional genetic mutants vs wild-type cells, it is valuable for defining cell circuits and their dynamic features.
One such undefined circuit in calcium encoding is the feedback circuit that regulates the synchronicity of oscillations, which is critical to coordinating multiple calcium-dependent processes evoked by ligand-stimulation of Gα q -coupled GPCRs 18, 19, 24, 25 (Figure 4a,b) . It is known that the timing of an intracellular calcium oscillation spike does not depend on the previous one, and is thus stochastic, where stochasticity (α Ca2+ ) is defined as the ratio of the standard deviation of the interspike interval (ISI, T) over the average period (T av ). 18, 19 The oscillation signal-to-noise ratio (SNR, 1/α Ca2+ ) can be enhanced by a negative feedback loop. 26 It has been suggested that the oscillation feedback occurs at the GPCR-source level because the stochasticity is unchanged by manipulation of IP3R, phospholipase C, and SERCA, which respectively operate at the ER-level or before it. 18 We hypothesized that RGS2 may be this regulator (Figure  4c ), given that it (i) provides GPCR-source level inhibition, (ii) is coupled to global calcium elevations via Ca 2+ -bound calmodulin-mediated (Ca 2+ /CaM) relief of RGS2 inhibition by phosphatidylinositol-(3,4,5)-triphosphate (PIP3), 9, 27 and (iii) is important for generating oscillations. 9, 16 Analysis of the oscillation suppression data in Figure 4 showed that the spike timing was highly stochastic in the dark, where α dark = 0.79 ± 0.14 (α = 1 is fully stochastic) (Figure 4d) , and became more synchronized with light-activation of opto-RGS2, α light = 0.51 ± 0.14 ( Figure 4e ). This finding showed that increasing RGS2-mediated inhibitory drive enhanced the regularity and SNR of the oscillation. RGS2 likely limits the degree of negative regulation in the proposed circuit diagram, because if the activated Ca 2+ /CaM were not in excess, the increased inhibitory drive from opto-RGS2 activation would be poorly feedback coupled to the global calcium elevation and would not decrease α Ca2+ .
Accordingly, to confirm that RGS2 is feedback coupled via CaM, the assays were performed in the presence of the CaM peptide antagonist, CALP2, which we hypothesized would uncouple the inhibition from the calcium elevation. Pharmacological interference of the putative coupling mechanism indeed increased the stochasticity in illuminated cells, α light/CALP2 = 0.90 ± 0.16 (Figure 4f) , and thus, RGS2 inhibitory feedback is calmodulin-dependent. Variance of α Ca2+ was estimated by statistical resampling or bootstrapping, and the results were significant at the 95% confidence level (Figure 4g ). Thus, this optogenetic analysis defines a negative feedback circuit for modulating the stochasticity of calcium oscillations, and consequently, the reliability of the signals they encode.
The ability to dynamically recapitulate RGS2 function is important because the creation of selective agonists is hindered by the conservation of the catalytic RGS-box across subtypes.
5−8 The R2-helix was chosen here to direct membrane localization based on its reported roles in RGS2 signal- 
Letter ing, [12] [13] [14] [15] 20, 21 but it should be noted that an isoprenylated peptide-CIBN fusion has also successfully been used to create optogenetic variants of another RGS subtype. 28 While proteinlevel design could greatly influence signaling performance, as evident by the improved expression of the CRY2-R2box chimera by introducing a long linker between the conserved domains (Supplementary Figure S1) , not all performancerelated issues were a function of protein-level design alone. The performance of heterodimerization systems exhibits great cellto-cell variability, but proper selection of a homogeneous population with respect to screening parameters of expression and translocation efficiency provided the requisite reliability for calcium encoding studies. Thus, this work emphasizes the cellular engineering techniques required to successfully engineering a molecular tool, beyond the transgene sequence itself.
Opto-RGS2 is a key addition to the optogenetic toolbox for studying GPCRs and second messenger signaling. The ability to potently suppress calcium is absent from the toolbox, and thus, the functionality complements existing capabilities in GPCRlevel elevation of calcium and elevation/suppression of cyclic AMP. 28−32 The functionality is powerful given the ubiquitous importance of GPCRs and calcium signaling in eukaryotes, and it led to the elucidation of a feedback circuit that regulates the stochasticity of agonist-evoked oscillations. This increase in oscillation synchronicity by up-regulated RGS2 suggests that RGS2-feedback has coordinative roles in calcium encoding, important for coincidence detection or multiplexing of the downstream calcium effectors. 33, 34 In summary, opto-RGS2 may advance the understanding of calcium encoding principles and RGS/GPCR signaling through temporally precise gain-offunction.
■ MATERIALS AND METHODS
Cryptochrome and RGS-related plasmids (denoted as P0−P9) used during this study are summarized in Supplementary Table  S1 . Plasmids will be made available at Addgene (http://www. addgene.org/Brian_Chow/).
Genetic Constructs. The plasmids were constructed using Gibson assembly and standard restriction enzyme cloning methods. Refer to Supporting Information for detailed procedures.
Cell Culture. Human embryonic kidney 293 (HEK293t) cells (from the Lazzara Lab, UPenn) were cultured in Dulbecco's modified eagle medium (DMEM) with Glutamax (ThermoFisher, 10566016), supplemented with 10% heatinactivated fetal bovine serum (FBS) (Sigma, F2442) and 1% penicillin-streptomycin (ThermoFisher, 15140122). Cells were maintained in a sterile water-jacketed mammalian cell culture incubator (Thermo/Forma, 3110), maintained at 5% CO 2 and 37°C. HEK cell authentication by STR and mycoplasma testing by Myco-Alert were performed by Biosynthesis, Inc.
Transient Transfection. DNA plasmid (24-well plate, 250 ng/well; 6-well plate, 1.25 μg/well) was mixed with TransIT-293 transfection reagent (24-well plate, 0.75 μL/well; 6-well plate, 3.75 μL/well) (Mirus Bio, MIR2700) in Opti-MEM I Reduced-Serum Medium (24-well plate, 100 μL/well; 6-well plate, 500 μL/well) (ThermoFisher, 31985070). The mix was incubated at room temperature for 15 min and was subsequently added to seeded cells. Gene expression was assessed 18−24 h post-transfection.
Linker Analysis. The respective expressions of pCRY2-mCherry-linker-RGS2box constructs and R2helix-CIBN [P5]
were assessed by flow cytometry. Cells were seeded onto a poly-D-lysine (PDL)-treated 6-well plate 24 h prior to cotransfection. Cells were trypsinized 24 h post-transfection and washed three times with phosphate-buffered saline (PBS) (ThermoFisher, 14190250). Cells were resuspended in flow buffer containing 1X Ca 2+/ Mg 2+ -free PBS, 5 mM EDTA, 25 mM HEPES pH 7.0, and 1% FBS. Cells were subsequently strained with a 70 μm cell strainer (Sigma, Z742103) and collected in a 5 mL polystyrene round-bottom FACS tube (Corning, 352054) . The flow analyses were performed on 4-laser BD LSRII Cell Analyzer (mCherry detection: green laser with 610/20 emission filter; GFP detection: blue laser with 515/20 emission filter), at a rate of approximately 4000 events/ s, with 100 000 events collected for each condition. Three gates were applied to select for live single cells with expression of both cryptochrome components.
Fluorescence Microscopy and Hardware. Cells were imaged with a Metamorph-automated Leica DMI6000B fluorescence microscope, equipped with a sCMOS camera (PCO.edge) and LED illuminator (Lumencor Spectra-X). The excitation illumination was filtered at the light source-level, and the microscope filter cubes (Chroma) used were as follows: EGFP, λ dichroic < 495 nm and λ em = 525/50 nm; mCherry, λ dichroic < 585 nm and λ em = 630/75 nm. Pharmacological agents were delivered using a custom automated perfusion system consisting of a 3D-printed well-aligning scaffold and programmable syringe pumps (Brain Scientific, BS-8000), triggered by MetaMorph.
Fluorescence micrographs of light-induced opto-RGS2 translocation shown in Figure 3a were acquired using a Leica DMI8 inverted microscope (courtesy of the Hammer Lab, UPenn) equipped with confocal spinning disk module from Spectral Applied Research and Hamamatsu ImagEM X2 EM-CCD camera.
Membrane Localization Kinetics. Cells were seeded onto a poly-D-lysine coated 24-well glass bottom plate (Cellvis, P24− 1.5H−N) and were cotransfected with CRY2-R2box and R2helix-CIBN [P3 + P5]. After 24 h, the culture media was replaced with phenol-free CO 2 -independent imaging media (phenol-free HBSS supplemented with 1% L-glutamine, 1% Penn/Strep, 2% essential amino acids, 1% nonessential amino acids, 2.5% HEPES pH 7.0, and 10% serum).
Cells were imaged with a 40× objective (0.5 s exposure time, 675 s total, using the mCherry filter cube with yellow excitation: λ = 580 nm, 24.20 mW/mm 2 ). CRY2-R2box imaging was first performed without blue illumination for 15 s to establish baseline before blue light induction (0.5 s every 5 s for 60 s, λ = 475 nm, 7.37 mW/mm 2 ). Blue light stimulation was then removed to determine dark reversion kinetics. The localization of R2helix-CIBN was acquired during the blue illumination period. Line sections of consistent length were manually drawn across selected segments of cell boundaries. The degree of CRY2-R2box membrane localization was calculated as the mCherry intensity at the pixels representing the cell membrane, normalized by the intensity of the perimembrane region. Rate constants were determined by an exponential fit.
Calcium 
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Letter cells were cotransfected with GCaMP6f plasmid and one of the plasmid combinations above. After 24 h post-transfection, the culture media was replaced with the phenol-free CO 2 independent media. The cells were perfused with 30 μM carbachol (CCh) (Sigma, C4382) to stimulate the M3 muscarinic acetylcholine receptor (M3R). GCaMP6f fluorescence signals were monitored every 5 s for 900 s. mCherry fluorescence was imaged before GCaMP6f imaging, and again once every 60 s.
Image processing, manual cell segmentation and intensity quantifications were performed using ImageJ. The intensity data were imported to MATLAB for signal processing, peak identification, and peak prominence measurements of amplitude. Signal prominence was defined as the extent to which the peak stands out due to its intrinsic height, using the MATLAB "findpeaks()" function. The signal plotted is the relative change in fluorescence signal (ΔF/F 0 ). Samples were considered outliers if they were greater than q 3 + 1.5(q 3 − q 1 ) or less than q 1 − 1.5(q 3 − q 1 ) where q 1 and q 3 represent the 25th and 75th percentiles of the sample data, respectively.
Correlation Analysis and Machine Learning Prediction. Spearman's rank correlation analysis was performed using the Python library pandas (pandas.Dataframe.corr()) to identify predictive parameters affecting the strength of the calcium suppression (defined as inverse of calcium prominence). Correlation between calcium suppression and the following parameters were analyzed: translocation efficiency, expression of CRY2-R2box, and expression of R2helix-CIBN. No correlation was observed for R2helix-CIBN level.
The parameter space at which cells completely inhibited the calcium signals were identified using a machine learning method logistic regression (scikit-learn library, L2 regularization, C = 1.0, "balanced" class weight); the model parameters were optimized using GridSearchCV function to maximize prediction precision (true-positive rate) (precision = 80%). The calcium signals considered strongly inhibited had normalized prominence values of ΔF/F 0 < 0.5.
Lentivirus Production and Cell Line Generation. Opto-RGS2 lentivirus was generated by transfecting HEK293t cells with either pLJM1-CRY2-mCherry-(GGGGS)3-hRGS2box [P8] or pLJM1-NtermRGS2-GFP-CIBN [P9] with third generation helper plasmids. The media was replaced 1 day after transfection, and virus-containing supernatant was collected on the second and third days. After centrifugation (1000 rpm, 5 min), the supernatant containing the lentivirus was filtered (0.4 μm PES) and used immediately.
To generate an opto-RGS2 stable cell line, HEK293t cells were coinfected with the generated lentiviruses carrying CRY2-R2box and R2helix-CIBN. The infected cells were grown and selected in culture media containing 0.125 μg/mL puromycin (Clontech, 631305). Individual clones expressing both components of opto-RGS2 were picked under a sterile fluorescence microscope (courtesy of the Cremins Lab, Penn) and grown in 24-well plates. Light-induced translocation of the CRY2-R2box was evaluated for each clone to select suitably responsive ones (i.e., based on correlation analysisdefined threshold). The hRGS2 stable cell line was generated similarly using pLJM1-hRGS2-mCherry [P7] plasmid.
Calcium Dynamics of Stable Cell Lines. Opto-RGS2 stable cells seeded on a PDL-coated glass-bottom 24-well plate were loaded with 2 μM X-Rhod-1 calcium indicator dye (ThermoFisher, X14210). Cells were incubated with dye at 37°C
, and washed after 30 min, after which the media was replaced with CO 2 -independent media. Cells were incubated at 37°C for another 30 min for de-esterificaition. To ensure oscillatory activity, the media was replaced with 5.2 mM calcium-containing CO 2 -independent media. Cells were perfused with 100 μM carbachol, and time-lapse images of XRhod1 signals were acquired. After 90 s, cells were exposed to brief blue light pulses (10 s total, 0.5 s ON, 0.5 s OFF).
Image processing, manual cell segmentation, and intensity quantification were performed in ImageJ. The intensity measurements were passed into automated custom MATLAB scripts for signal processing, peak identification (20% above baseline threshold), and to compute reported oscillation parameters. The frequency ratio was calculated by dividing postillumination (t = 100−250s) oscillation frequency by preillumination (t = 0−100s) frequency. Student t test, and Cohen's d test were performed to evaluate the significance and the effect size of the light-induced change. Identical analyses were performed with amplitude and duty ratio.
Quantitative PCR (qPCR). RNA was extracted using standard TRIzol RNA extraction procedures. The extracted RNA was transcribed into complementary DNA (cDNA) using SuperScript III reverse transcriptase (200 units/u, ThermoFisher, 18080093). The cDNA was subsequently used as a template for the SYBR-based qPCR. Refer to Supporting Information for the detailed procedures and the list of qPCR primers.
Stochasticity Analysis. Assay and data processing were performed as described under "Calcium dynamics of stable cell lines" section. 50 μM of CALP2 (Tocris, 2319) was added to the media 1 h prior to calcium imaging to inhibit calmodulin activity. Stochasticity was assessed based on the variability of the interspike intervals (ISI, or T) within a signal relative to its mean (T av ). Linear regression analysis was performed using the MATLAB function LinearModel.fit to derive the estimated stochasticity. 450−1000 cells were analyzed for each experimental condition. The 95% bootstrap confidence interval was calculated using bias corrected and accelerated percentile methods, with 1000 bootstrap samples.
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